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(54) Sintered ceramic article and method of manufacturing the same 

(57) A sintered ceramic article which is to be joined to metal or form a composite member with metal comprises a metal 
compound or a metal separated and diffused in surface layers of particles of the sintered ceramic article. Thesinterec! 
ceramic article is manufactured, for example, by forming a shaped article of ceramic powder e.g. SrD 2 , AU>, ZiO r Si 3 N 4 , 
TiN ZrN BN SiC, TiC, MoC, provisionally firing the shaped artfcle, thereafter impregnating the provisionally fired ^ 
with a metal salt and/or a metal complex; and fully firing the provisionally fired article to produce a sintered ceramic article. 



At least one drawing originally filed was informal and the print reproduced here is taken from a later filed formal copy. 
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SINTERED CERAMIC ARTICLE 
AND METHOD OF MANUFACTURING THE SAME 



The present invention relates to a sintered ceramic 
article and a method of manufacturing the same, and more 
particularly to a sintered ceramic article in the form of a 
composite body made of ceramic and metal and having high 
toughness and mechanical strength and a method of manu- 
facturing such a sintered ceramic articl 

Ceramics are widely used recently to manufacture 
various mechanical components since they are excellent in 
mechanical strength and heat resistance. It is known, 
however, that ceramics are generally poor in toughness. 
There have been proposed sintered composite ceramic materi- 
als made of ceramic and metal in order to eliminate the 
problem of poor toughness. 

According to one known process of producing such a 
sintered ceramic material, ceramic powder and metal powder 
are mixed together and formed into a certain shape, and the 
shaped article is fired by being heated at a high tempera- 
ture to produce a sintered product. With the conventional 
process, however, since the firing temperature is higher 
than the melting point of the metal powder, the metal powder 
is melted in the firing step and the metal particles are 
coagulated or not uniformly dispersed in the sintered 
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product. As a result, the produced sintered ceramic article 
tends to have different local mechanical strengths or 
toughnesses . 

There has been proposed a method of producing a • 
sintered ceramic article by forming a shaped article made of 
a mixture of ceramic power and metal carbide or metal 
nitride, and burning the shaped article in a reducing atmos- 
phere to separate out the metal. One problem with this 
process is that a relatively large amount of metal is sepa- 
rated out in the surface layer of the sintered ceramic 
article, whereas a less amount of metal is separated out 
within the sintered ceramic article. Accordingly, it is 
difficult to uniformly metallize the sintered article in its 
entirety, and the sintered article cannot have a desired 
degree of toughness. 



The present invention provides 
a sintered ceramic article for being joined to metal or 

forming a composite member with metal, comprising a metal 
compound or a metal separated and diffused in surface layers 
of particles of the sintered ceramic article • 
The present invention also provides 
a method of manufacturing a sintered ceramic 
article, comprising the steps of: forming a shaped article 
of ceramic powder; provisionally firing said shaped article; 
thereafter impregnating the provisionally fired article with 
a metal salt and/or a metal complex; and fully firing the 
provisionally fired article to produce a sintered ceramic 
article. 

The present invention also provides 
a method of manufacturing a sintered ceramic 

article, comprising the steps of: mixing an acid or alkaline 
solution in ceramic powder to adjust the pH of the ceramic 
powder; forming the ceramic powder into a shaped article; 
provisionally firing said shaped article; thereafter impreg- 
nating the provisionally fired article with a metal salt 
and/or a metal complex; and fully firing the provisionally 
fired article to produce a sintered ceramic article. 

Preferably the method further includes the steps of: 



1 
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adjusting the pH of a slurry containing the ceramic powder; 
and thereafter deaerating said slurry. 
Preferably, the 
method further includ es the step of: casting a 
slurry containing the ceramic powder in a gypsum mold to 
produce said shaped article. 
Preferably, the 

method further includes the step of: forming a 
slurry containing the ceramic powder into said shaped arti- 
cle by injection molding or pressure casting. 

The present invention also provides 
a method of manufacturing a sintered ceramic 
article , comprising the steps of: forming a shaped article 
of ceramic powder; provisionally firing said shaped article; 
thereafter impregnating the provisionally fired article with 
a metal salt and/or a metal complex; and fully firing the 
provisionally fired article in an inert or reducing atmos- 
phere to produce a sintered ceramic article. 

Preferably, said provisionally fired 
article is fully fired in a nitrogen-gas atmosphere. 
Preferably, the 

method further includes the step of: mixing an 
acid or alkaline solution in ceramic powder to adjust the pH 
of the ceramic powder. 

The present invention also provides 
a method of manufacturing a sintered ceramic 
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article, comprising the steps of: mixing composite powder 
of ceramic and a metal with ceramic powder to produce mixed 
powder; forming the mixed powder into a shaped article; pro- 
visionally firing said shaped article; thereafter impregnat- 
ing the provisionally fired article with a metal salt and/or 
a metal complex; and fully firing the provisionally fired 
article to produce a sintered ceramic article. 
Preferably, 

the method further includes the step of: mixing an 

acid or alkaline solution in said mixed powder to adjust the 
pH of the mixed powder. 

The present invention also provides 
a method of manufacturing a sintered ceramic 
article, comprising the steps of: mixing composite powder of 
ceramic and a metal with ceramic powder to produce mixed 
powder; forming the mixed powder into a shaped article; pro- 
visionally firing said shaped article; thereafter impregnat- 
ing the provisionally fired article with a metal salt and/or 
a metal complex; and fully firing the provisionally fired 
article in an inert or reducing atmosphere to produce a 
sintered ceramic article. 



Preferably, said provisionally fired article is 
fully fired in a nitrogen-gas atmosphere. 

Preferably, the method further includes the step of: mixing 
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an acid or alkaline solution in said mixed powder to adjust 
the pH of the mixed powder. 

The present invention also provides 
a method of manufacturing a sintered ceramic 
article, comprising the steps of: forming a shaped article 
of reaction sintering metal powder; provisionally firing 
said shaped article; thereafter impregnating the provision- 
ally fired article with a metal salt and/or a metal complex; 
and subjecting the provisionally fired article to reaction 
firing to produce a sintered ceramic article. 
The present invention also provides 
a method of manufacturing a sintered ceramic 
article, comprising the steps of: forming a shaped article 
of reaction sintering metal powder with a grain and a grain 
distribution adjusted for a close-packed structure; provi- 
sionally firing said shaped article; thereafter impregnating 
the provisionally fired article with a metal salt and/or a 
metal complex; and subjecting the provisionally fired arti- 
cle to reaction firing to produce a sintered ceramic 
article. 

The present invention also provides 

a method of manufacturing a sintered ceramic 
article, comprising the steps of: forming a shaped article 
of ceramic powder and reaction sintering metal powder; pro- 
visionally firing said shaped article; thereafter impregnat- 
ing the provisionally fired article with a metal salt and/or 
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a metal complex; and subjecting the provisionally fired 
article to reaction firing to produce a sintered ceramic 
article. 

*The present invention also provides 
a method of manufacturing a sintered ceramic 
article, comprising the steps of: forming a shaped article 
of a powder mixture composed of ceramic powder and reaction 
sintering metal powder, with a gain and a grain distribution 
adjusted for a close-packed structure; provisionally firing 
said shaped article; thereafter impregna the provision- 
ally fired article with a metal salt and/or a metal complex; 
and subjecting the provisionally fired article to reaction 
firing to produce a sintered ceramic article. 

Embodiments of the present invention will now 
be described by way of example only with reference to the 
the accompanying drawings, in which :- 



FIG. 1(a) through 1(c) are views of sintered 
ceramic articles according to the present invention; 

FIG. 2 is a flowchart of a process sequence of a 
method of manufacturing a sintered ceramic article according 
to a first embodiment of the present invention; 

FIG. 3 is a graph showing the Weibull distributions 
of a sintered ceramic article produced by a manufacturing 
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method according to a second embodiment of the present 
invention and a conventional sintered ceramic article; 

FIG. 4 is a graph showing the fracture toughness of 
the sintered ceramic article produced by the method of the 
second embodiment and a sintered ceramic article produced 
according to a conventional method; 

FIGS. 5 and 6 are graphs showing the Weibull dis- 
tributions of sintered ceramic article produced by a manuf- 
acturing method according to a third embodiment of the 
present invention and sintered ceramic articles produced 
according to a conventional method; 

FIG. 7 is a graph showing the relationship between 
the temperature and flexural strength of the sintered 
ceramic articles produced according to the third embodiment 
and the sintered ceramic articles produced by the conven- 
tional method , shown in FIGS. 5 and 6; 

FIG. 8 is a schematic cross-sectional view of an 
apparatus for carrying out manufacturing methods according 
to fourth and firth embodiments of the present invention; 

FIG. 9 is a graph showing a fully firing pattern in 
the manufacturing method of the fourth embodiment; 

FIG. 10 is a graph showing the relationship between 
the pH of mixed powder and the mechanical strength of a 
sintered article; 

FIG. 11 is a graph illustrating the relationship 
between the pH of the mixed powder and the size of pores in 
a sintered article; 
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PIG. 12 is a graph showing a fully firing pattern 
in a manufacturing method of a fifth embodiment of the pre- 
sent invention; 

FIG. 13 is a graph showing the relationship between 
the fracture toughness and the mechanical strength in the 

fifth embodiment; 

FIG. 14 is a graph showing the relationship between 
the pH and the fracture toughness in the fifth embodiment; 

FIG. 15 is a flowchart of a process sequence of 
manufacturing methods according to sixth and seventh embodi- 
ments of the present invention; 

FIG. 16 is a fragmentary cross-sectional view 
showing the manner in which a shaped article is formed in 
the manufacturing method of the sixth embodiment; 

FIG. 17 is a graph showing the relationship between 
the diameter of Si powder particles and the cumulative per- 
centage in a method of manufacturing a sintered ceramic 
article according to a ninth embodiment of the present 
invention; 

FIG. 18 is a graph illustrating the relationship 
between the time and the temperature in a reaction sintering 
process ; 

FIG. 19 is a photographic representation produced 
by a scanning electron microscope of the structure of a 
sintered ceramic article produced according to the manufa- 
cturing method of the ninth embodiment; and 



FIG. 20 is a graph showing the relationship between 
the diameter of mixed powder particles and the cumulative 
percentage in a manufacturing method according to a twelfth 
embodiment of the present invention. 

Ceramic powder used to produce a sintered ceramic 
article according to the present invention is preferably of 
an oxide such as SiO a , Aft a 0 a , or ZrO a , a nitride such as 
Si,N 4 , TIN, ZrN, BN, or the like, or a carbide such as SiC, 
TiC, MoC, or the like. 

A metal salt used is a hydroxide, a carbonate, a 
nitrate, a chloride, an oxalate, or the like such as AB. , Ti, 
V, Cr, Mn, Fe, Co, Ni, Cu, Y, Zr, Nb, Mo, Tc, Nd, Ta, W, Re, 
Os, Ag, Ir, or the like, or their composite salt, or 
heteropoly-acid, or the like. A metal complex used is an 
ammine complex, a cyan complex, or the like of any of the 
above metals. A solvent used for the above metal salts and 
the metal complexes is water, alcohol, or an organic solvent 
of hexane or toluene, and the solution is of a saturated 
concentration . 

An atmosphere in which a shaped article is fired 
may be any atmosphere in which a metal can be separated out, 
and may be a reducing atmosphere or an inert-gas atmosphere 
such as Hi-Ar, H a -N a , H a -NH a , N a , Ar, or the like. 

A method of manufacturing a sintered ceramic arti- 
cle according to a first embodiment of the present invention 
will be described below. 
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Products made from sintered ceramic produced 
according to the manufacturing method of the present inven- 
tion are shown in FIGS. 1(a) through 1(c). FIG. 1(a) illus- 
trates a valve seat 1 to be incorporated in the cylinder 
head of an engine. FIG. 1(b) shows a tip 2 for use on a 
rocker arm, the tip 2 comprising a sliding member 2a made of 
sintered ceramic and a metal member 2b joined to the sliding 
member 2a. FIG. 2(c) shows a turbine 3 comprising a turbine 
wheel 3a made of sintered ceramic and a shaft 3b joined to 

the turbine wheel 3a. 

The manufacturing method of the first embodiment 
will be described with reference to the flowchart of FIG. 2. 
First, any one of the ceramic powders referred to above, the 
powder of a sintering assistant such as Y a 0 9 , A4 2 0,, SiO, , 
MgO, or the like, and carbon powder, if necessary, are mixed 
together in a step STP1. The mixed powder is formed into a 
desired shape by injection molding, extrusion molding, 
pressing, casting, or the like in a step STP2. After the 
mixed powder has been shaped, it is degreased and then pro- 
visionally fired for several hours at a temperature ranging 
from 800«C to 1200»C in an inert-gas atmosphere to produce a 
provisionally fired article having a density ranging from 
60% to 90% in a step STP3. 

Then, the provisionally fired article is immersed 
in a saturated solution of the metal salt or the metal com- 
plex in a step STP4. The provisionally fired article which 
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is thus impregnated with the metal salt or the metal complex 
is then fully fired in a step STP5. More specifically, the 
provisionally fired article is fired in an inert-gas or 
reducing atmosphere in a furnace for 45 minutes at 700*C, 
then 60 minutes at 1350'C, 30 minutes at 1500*C, 60 minutes 
at 1700-C, and finally 60 minutes at 1400-C, after which the 
article is cooled in the furnace. 

While the shaped article is being fully fired, the 
metal salt or the metal complex attached to the surfaces of 
the particles of the provisionally fired article is 
decomposed, separating out a metal compound such as an 
oxide, a nitride, a carbide, or the like, or a metal on the 
surfaces of the particles. During the fully firing step, 
the separated metal compound or metal is diffused into the 
ceramic particles from the surfaces thereof. As a 
consequence, a sintered ceramic article is produced in 
which a metal compound layer or a metal layer is formed on 
the surfaces of the ceramic particles. 

The metal salt or the like is used in the form of 
the saturated solution, when the solution of the metal salt 
or the like is impregnated in the provisionally fired 
article, ultrasonic energy is applied to cause the solution 
to be impregnated with higher efficiency. This is because 
if the concentration of the metal salt or the like in the 
solution is low, no metal would be separated out in the 
fully firing step, and the remaining metal salt or the like 



would render the sintered ceramic article brittle and 
mechanically weak. 

The mechanism of separation of a metal from the 
metal salt or the like is as follows: In the fully firing 
step, part of the metal salt or the like retained in the 
provisionally fired article through impregnation is 
converted to a carbide , a nitride, or a carbide nitride , 
which is discharged as an impurity into grain boundaries 
and/or grain boundary layers upon the growth of the ceramic 
or ceramic particles. Thereafter, a me j separated out 
in the center of the grain boundaries and/or the grain 
boundary layers due to the difference between the amounts by 
which carbon , nitrogen, and the like are dissolved into the 
metal. In the region where the metal is separated out, the 
concentration of carbon and nitrogen varies progressive from 
the center toward the periphery of the region, and the 
amount of metal is reduced microscopically. 

With the metal separated out in the center of grain 
boundaries and/or grain boundary layers, when a stress is 
applied to the sintered ceramic article, the stress is prop- 
agated rapidly in the ceramic which constitutes a rigid 
body, but propagated slowly in the region where the metal is 
separated out. The applied stress is thus dispersed, 
absorbed, and delayed in the sintered ceramic article, which 
is thus has increased mechanism strength and fracture 
toughness . 
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According to the first embodiment described above, 
the provisionally fired article is immersed in the solution 
of a metal salt or a metal complex. Therefore, the solution 
is sufficiently attached to the surfaces of the ceramic 
particles, in the subsequent fully firing step, 
consequently, a metal compound or a metal is sufficiently 
separated out and diffused in the surface layers of the 
ceramic particles. As a consequence, the wettability 
between the sintered ceramic article and metal is increased. 
As shown in FIGS. 1(b) and 1(c), for example, the sliding 
member 2a and the metal member 2b of the tip 2 are firmly 
joined to each other, and the turbine wheel 3a and the shaft 
3b of the turbine 3 are securely joined to each other. 

A method of manufacturing a sintered ceramic arti- 
cle according to a second embodiment of the present inven- 
tion will be described below. 

According to the second embodiment, powder of 
silicon nitride (Si,N 4 ) having an average diameter of 0.5 
ym is employed as ceramic powder. 90 wt% of silicon 
nitride powder is mixed with 5 wt% of powder of yttrium 
oxide (Y a 0,) having an average diameter of 0.4 ym and 5 wt% 
of aluminum oxide (Ai a O,) having an average diameter of 0.4 
ym. The powder mixture is then formed into a shaped 
article. 

Then, the shaped article is dried and degreased, 
after which it is provisionally fired while nitrogen is 
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being passed at 1200*C under 0.4 Torr, thus producing a pro- 
visionally fired article. The provisionally fired article 
is then immersed in water and cleaned by a ultras onically 
cleaning process. 

After the provisionally fired article has been 
cleaned, it is immersed in a saturated solution of chromium 
nitrate and boiled for five minutes. The provisionally 
fired article is then immersed in 8 M (mofc/fc) of a saturated 
hydrochloric acid solution of copper and an ammonium 
complex, and boiled for five minutes. 

The provisionally fired article is thereafter dried 
and then fully fired for two hours at 1700 °C in an atmos- 
phere of an Ar-N a gas. As a result, a sintered ceramic 
article in which chromium and copper are separated out is 
produced . 

An experiment was conducted on a sintered ceramic 
article I thus produced and a conventional sintered ceramic 
article la which was produced by firing a shaped article 
made of a mixture of silicon nitride powder, yttrium oxide 
powder, and aluminum oxide powder, without employing a metal 
salt or a metal complex. FIG. 3 shows Weibull distributions 
of these sintered ceramic articles obtained by a three-point 
bending test. As can be understood from FIG. 3, the 
sintered ceramic article I had a Weibull modulus (m) = 27, 
whereas the conventional sintered ceramic article la had a 
Weibull modulus (m) = 15. Therefore, it was confirmed that 
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the sintered ceramic article I had a substantially smaller 
range of different mechanical strengths. Since most ordi- 
nary sintered ceramic articles have Weibull moduli (m) rang- 
ing from 5 to 20, it was proven that the sintered ceramic 
article I was excellent in quality. 

FIG. 4 illustrates the fracture toughness, tested 
by a chevron notch process, of the sintered ceramic article 
I and the conventional sintered ceramic article la. The 
results of the test Indicate that while the fracture tough- 
ness of the conventional sintered ceramic article la was 
(K IC ) =4.86 MN/M* /2 , the fracture toughness of the sintered 
ceramic article I was a considerably larger value of (Xic) » 
14.36 MN/m s/ *. Therefore, it was confirmed that the tough- 
ness of the sintered ceramic article I was much higher, and 
it can be understood that metals (chromium and copper) were 
uniformly and reliably separated out in the sintered ceramic 
article I. 

According to the manufacturing method of the pre- 
sent invention, a shaped article is formed of a mixture of 
silicon nitride powder, yttrium oxide powder, and aluminum 
oxide powder, then the shaped article is provisionally 
fired, and the provisionally fired article is immersed in a 
saturated hydrochloric acid solution of copper and an ammo- 
nium complex. Therefore, the chromium nitrate solution and 
the saturated hydrochloric acid solution of copper and an 
ammonium complex are sufficiently impregnated in pores in 



the provisionally fired article. Then, the provisionally 
fired article is fully fired in an atmosphere of an 
Ar-N a gas to cause copper and chromium to be uniformly and 
reliably separated out in a produced sintered ceramic 
article. As a result, it is possible to manufacture a sint- 
ered ceramic article I which is excellent in quality and 
high in toughness without a wide range of variations in 
mechanical strength and the like. 

A method of manufacturing a sintered ceramic arti- 
cle according to a third embodiment of the present invention 
will be described below. 

First, a first shaped article is formed of a mix- 
ture of 84 wt% of silicon nitride powder, 7 wt% of yttrium 
oxide powder, 4 wt% of aluminum oxide powder, and 5 wt% of 
zirconium oxide (ZrO,) powder having a primary particle 
diameter of 370 A. A second shaped article is formed of 
81.7 wt% of silicon carbide (SiC) powder having an average 
particle diameter of 0.4 ym, 5 wt% of yttrium oxide powder, 
7 wt% of aluminum oxide powder, 3 wt% of zirconium oxide 
powder, 3 wt% of boron carbide (B 4 C) powder, and 0.3 wt% of 
carbon black having a particle diameter of 50 A. 

The first and second shaped articles are dried and 
then provisionally fired while passing nitrogen at 1200 "C 
under 0.4 Torr as with the second embodiment to produce 
first and second provisionally fired articles. The first 
and second provisionally fired articles are then ultrasoni- 
cally cleaned and dried at 480 "C. 
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The dried first and second provisionally fired 
articles are immersed in a saturated solution of nickel 
nitrate and zirconia nitrate, and then in a saturated solu- 
tion of chromium nitrate and a copper complex dissolved in 
hydrochloric acid. Then, the first and second provision- 
ally fired articles are neutralized by water, then dried, 
and embedded in silicon nitride powder and silicon carbide 
powder and fully fired for two hours at 1750 'C in an 
Ar-N,- atmosphere, thus producing a sintered ceramic article 
II mainly composed of silicon nitride powder and a sintered 
ceramic article III mainly composed of silicon carbide 
powder . 

Shaped articles were also formed of the same powder 
mixtures as those of the sintered ceramic articles II, II 
and fired according to the conventional method without using 
a metal salt and a metal complex to produce sintered ceramic 
article Ila, Ilia. The sintered ceramic article II, III and 
the sintered ceramic articles Ila, Ilia were then compared 
in the same manner as with the second embodiment. 

FIGS. 5 and 6 show Weibull distributions of the 
sintered ceramic articles II, III and the conventional sin- 
tered ceramic articles Ila, Ilia. The graphs of FIGS. 5 and 
6 indicate that the sintered ceramic articles II, III had 
respective Weibull moduli (m) « 21.7 and 19.4 which were 
considerably larger than the Weibull moduli (m) - 9.01 and 
10.1 of the conventional sintered ceramic articles Ila, 
Ilia. 
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PIG. 7 shows the results of an experiment in which 
the sintered ceramic articles II, III, Ha, Ilia were held 
at each temperature for 15 minutes and subjected to a three- 
point bending test. It can readily be seen from PIG. 7 that 
the sintered ceramic articles II, III had higher toughness 
than the conventional sintered ceramic articles Ila, Ilia, 
as with the second embodiment. 

A method of manufacturing a sintered ceramic arti- 
cle according to a fourth embodiment will be described below 
in relation to an apparatus for carrying «uc such a manu- 
facturing method. 

According to the manufacturing method of the fourth 
embodiment, composite powder in the form of a composite of 
ceramic powder or ceramic whisker and a metal is produced, 
and then mixed with ceramic powder to provide a shaped 
article. An apparatus for producing such composite powder 
will first be described. 

PIG. 8 shows a chamber 10 of the apparatus which 
houses therein a ladle 12 with its opposite sides held by 
respective heaters 14. The ladle 12 has an upper opening 16 
and a small-diameter outlet port 18 defined in the bottom 
thereof and communicating with a hole 20 defined in the 
lower panel of the chamber 10. A stirring gas introducing 
lance 22 extends downwardly through the upper panel of the 
chamber 10 into the ladle 12 and has a lower end positioned 
near the outlet port 18. 
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A gas supply pipe 24 and a gas discharge pipe 26 
are mounted on a side panel of the chamber 10. A pair of 
drums 28a, 28b is disposed below the chamber 10. The drums 
28a, 28b are made of copper or steel and are displaceable 
horizontally toward and away from each other. 

A process of producing the composite powder in the 
apparatus will be described below. 

The powder of a carbide, a nitride, a carbide 
nitride, or the like such as Si, Ti, Ta, Hf, w, Mo, Cr, or 
the like, having a particle diameter of 10 ym or less, is 
used as ceramic powder. The powder of a metal such as Cu, 
Aft, Pe, Ni, Co, Ng, Si, Ti, v, cr. Mo, Zr, or the like or 
their alloy, having an average diameter of 44 ym is used as 

metal powder. 

According to the fourth embodiment, a powder mix- 
ture of nickel powder and 20 wt% of chromium carbide (Cr,C,) 
powder is pressed into a shaped article. 

Then, the shaped article is placed in the ladle 12, 
and heated and melted into a mass M by energizing the heat- 
ers 14. At this time, air is discharged from the chamber 10 
through the gas discharge pipe 26, and Ar, N a , H a , CO a , He, 
or the like is introduced into the chamber iO through the 
gas supply pipe 24 to create an inert-gas or reducing atmos- 
phere in the chamber 10. The same gas is also introduced 
through the lance 22 into the melted mass M in the ladle 12 
to stir the mass M. 
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The stirred mass M is then dropped through the out- 
let port 18 and the hole 20 onto the drums 28a, 28b and 
quenched at a rate of 10' through 10' *C/sec. to produce 
powder. The produced powder is then ground to provide com- 
posite powder having a particle diameter of 10 ym or less 
(average diameter of 1.2 ym) . 

1 wt% of the composite powder thus produced, 93 wt% 
of silicone nitride powder, 4 wt% of yttrium oxide powder, 1 
wt% of zirconium oxide powder, and 2 wt% of aluminum oxide 
powder are mixed into a mixture to which a dispersant, an 
additive, and water as a solvent are added, and they are 
mixed. Upon elapse of a predetermined period of time after 
these ingredients have started being mixed, the pH of the 
mixture is measured and adjusted, if necessary, by adding 
ammonia water, and then the mixture is formed into a shaped 
article. 

After the shaped article has been dried, it is 
degreased by being kept at 650 °C under 0.4 Torr while an 
N a gas is being passed, and then the shaped article is pro- 
visionally fired for two hours at 1200°C under the same 
other conditions to provide a provisionally fired article. 
The provisionally fired article is immersed in a saturated 
solution of a certain metal salt and/or a certain metal com- 
plex selected from the various metal salts and metal com- 
plexes referred to above. 

The provisionally fired article is dried, and then 
fully fired according to a firing pattern shown in FIG. 9, 
thus producing a sintered ceramic article. 
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According to the fourth embodiment, the mechanical 
strength and toughness of the sintered ceramic article can 
be adjusted by selecting a value of pH of the mixed powder. 

After various powders were mixed with the composite 
powder, ammonia water was added to the mixed powder to pro- 
vide mixtures of various different pHs. These mixtures were 
then formed into respective shaped articles as text pieces 
having a size of 40 « 12 « 100 [mm], for example, which were 
provisionally fired. The provisionally fired pieces were 
then fully fired into sintered articles, from which speci- 
mens having a size of 8 x 8 x 60 [mm] were cut out. These 
specimens were then checked for mechanical strength and pore 
size. The results are shown in FIGS. 10 and 11. 

By selecting the pH of a mixture before it is 
formed into a shaped article, the diameter of pores in a 
sintered ceramic article produced by fully firing the 
shaped article can be adjusted. The pores are impregnated 
with a metal, and the adjustment of the pH is equivalent to 
the adjustment of a distribution of the metal to be sepa- 
rated out in the sintered ceramic article. 

Therefore, the mechanical strength and toughness of 
a sintered ceramic article can freely be selected simply by 
adjusting the pH of the mixture. Through the adjustment of 
the pH, pores of desired size can forcibly be formed in the 
provisionally fired article, with the advantage that a metal 
salt or a metal complex can reliably be impregnated in the 
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provisionally fired article. Therefore, in the first 
through third embodiments, the toughness of the sintered 
ceramic articles I, II, and III produced by fully firing 
shaped articles can be selected by mixing ceramic powder 
with ammonia water to adjust the pH of the ceramic powder 
and then forming the ceramic powder into such shaped 
articles . 

A manufacturing method according to a fifth embodi- 
ment will hereinafter be described in relation to the fourth 
embodiment described above. 

Using a powder mixture of powder of Co and 20 wt% 
of TiN powder as ceramic powder, composite powder is pro- 
duced by the apparatus shown in PIG. 8. 1 wt% of the pro- 
duced composite powder is mixed in place of the composite 
powder indicated in the fourth embodiment above, and a pro- 
visionally fired article is produced by the same process as 
described in the fourth embodiment. 

Then, the provisionally fired article is immersed 
in a saturated solution of nickel nitrate for 30 minutes, 
and thereafter dried. After the provisionally fired arti- 
cle has been dried, it is fully fired according to a firing 
pattern shown in FIG. 12 to manufacture a sintered ceramic 
article. 

The sintered ceramic article thus produced was 
tested for fracture toughness (Kjc) • The results of the 
test are illustrated in FIG. 13. FIG. 14 shows the rela- 
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tionship between the fracture toughness (K IC ) and the pH of 
the mixture. The fracture toughness (Kic) of the sintered 
ceramic article produced by the method of the fifth embodi- 
ment was 14 or more, a very high value as with the second 
embodiment. It was therefore confirmed that the metal was 
uniformly separated out in the sintered ceramic article, 
greatly increasing the toughness of the sintered ceramic 
article. 

A method of manufacturing a sintered ceramic arti- 
cle according to a sixth embodiment of the present invention 
will be described below with reference to the flowchart of 
FIG. 15. 

First, a slurry containing desired ceramic powder 
is prepared in a step STPI. Then, the pH of the slurry is 
adjusted by mixing an acid or alkaline solution in the 
slurry in a step STPII, after which the slurry is deaerated 
in a step STPIII. More specifically, air may be trapped in 
the slurry or an Ar gas may be attached to the surfaces of 
ceramic powder particles. With the pH of the slurry being 
adjusted, many bubbles may be produced in the slurry due to 
the trapped air or the Ar gas. These bubbles are removed by 
adding a deaerating agent to the slurry and stirring the 

slurry under a vacuum. 

Then, the slurry is poured into a casting mold in 
the form of a gypsum mold to produce a shaped article in a 
step STPIV. At this time, pores are created in the slurry 



- 25 - 

due to aging, and water in the slurry flows into the casting 
mold as it absorbs the water. Therefore, the pores in the 
slurry are moved away from the casting mold and joined to 
each other. Such a condition is shown in FIG. 16. water 
contained in the slurry is absorbed into a casting mold 50 
as indicated by the arrows, leaving a number of continuous 
pores 54 in a shaped article 52, the pores 54 being spread 
in a direction away from the casting mold 50. 

After the shaped article 52 has been removed from 
the casting mold, it is provisionally ff ■ * nder predeter- 
mined conditions to provide a provisionally fired article 
in a step STPV. Then, the provisionally fired article is 
immersed in a saturated solution of a metal salt or a metal 
complex, which is impregnated in the provisionally fired 
article while ultrasonic energy is being applied in a step 
STPVI. Then, the provisionally fired article is fully fired 

in a step STPVII. 

According to the present invention, the continuous 
pores 54 are created in the shaped article 52, the pores 54 
spreading away from the surface (the surface to be used) of 
the shaped article 52 into the shaped article 52. By 
impregnating the continuous pores 54 with a desired metal 
while ultrasonic energy is being applied, and then fully 
firing the shaped article 52, a sintered ceramic article is 
produced which has the surface to be used that has a desired 
degree of mechanical strength and a joint surface (back 
surface) which has increased wettability with metal. 
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A manufacturing method according to a seventh 
embodiment of the present invention will be described below 
in relation to the sixth embodiment. The manufacturing 
, method of the seventh embodiment is carried out in substan- 
tially the same manner as the sixth embodiment according to 
the flowchart of FIG. 15. In the step STPIV, however, a 
shaped article is produced by injection molding or pressure 
casting according to the seventh embodiment, with the 
shaped article thus produced, the surface to be used of a 
shaped article is highly dense, and a number of pores are 
uniformly distributed in the shaped article. 

A method of manufacturing a sintered ceramic arti- 
cle according to an eighth embodiment will be described 
below. According to the eighth embodiment, there is 
employed a sintering process which carries out a chemical 
reaction and sintering substantially simultaneously. Powder 
of Si, Cr, Ti, Fe, Ni, Co, Aft, or the like, or a combination 
thereof is used as reaction sintering metal powder. 

Sintering assistant powder and carbon black are 
mixed, if necessary, in desired reaction sintering metal 
powder. The carbon black is added to produce ceramic in 
reaction with the metal powder during a reaction sintering 
process . 

When the powder is mixed, an organic dispersant, 
an additive, a binder, and the like are also added. 

The powder thus mixed is then formed into a desired 
shape by injection molding, extrusion molding, pressure 
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casting, slip casing, or the like. Then, the shaped article 
is dried and degreased to remove any organic material added 
in the forming step. The shaped article is provisionally 
fired at 800 °C through 1200 °C in an inert-gas atmosphere to 
provide a provisionally fired article. The inert gas used 
in the provisional firing process is a nitrogen gas, or car- 
bon black is mixed with the metal powder to form an inert 
coating of a nitride, a carbide, or the like on the surfaces 
of the metal particles in the provisionally fired article. 
The inert coating is effective in preventing the metal pow- 
der from being eroded when the provisionally fired article 
is impregnated with a metal salt or a metal complex. 

The metal salt or the metal complex may be one of 
those referred to above in the first embodiment. More 
specifically, it may be NiCt,, Ni(NO,) a , Co(NO,) a , AgNO, , 
Mn(NO, ) a , Cr(NO,),, CrCfc,, Ti(NO,) 4 , TiCl 4 , or the like or a 
mixture thereof, or H[Co(NH, ) , ]C4, , Mo(Co) 4 C 7 H., 
NH 4 [Co(N0,) 4 (NH,).], [CU(NH,) a ]Cl,, (NH 4 ) 4 [Fe(CN) , J , 
(NH 4 ) 4 [Pe(CN) 4 ], or the like or a mixture thereof. 

After the metal salt and/or the metal complex has 
been impregnated in the provisionally fired article and it 
has been dried, it is subjected to a reaction firing process 
(full firing). In the reaction sintering process, ceramic 
produced by the reaction of the reaction sintering metal 
powder of the provisionally sintered article and the metal 
separated out from the metal salt or metal complex are com- 
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bined with each other. The ceramic may be of a different 
nature dependent on the material of the shaped article and 
the atmosphere employed in the reaction sintering process. 
For example, where carbon black is mixed in the shaped 
article and the shaped article is subjected to reaction sin- 
tering in an argon-gas atmosphere, the ceramic is composed 
of a nitride. Where the shaped article is subjected to 
reaction sintering, the ceramic is composed of a carbide and 
a nitride. If the shaped article is subjected to reaction 
sintering in a nitrogen-gas atmosphere without using carbon 
black, then the ceramic is composed of a nitride. 

According to the eighth embodiment, as described 
above, a shaped article is produced using a reaction 
sintering metal, and after the shaped article has been pro- 
visionally fired, it is impregnated with a metal salt and/or 
a metal complex, and then subjected to a reaction sintering 
process to produce a sintered ceramic article. Therefore, 
the sintered ceramic article itself has a prescribed degree 
of mechanical strength and can be handled with ease. The 
provisionally fired article is not broken while it is being 
impregnated with the metal salt or the like. Since the 
pores in the provisionally fired articles are filled with 
the ceramic produced by reaction with the metal powder and 
the metal separated out from the metal salt or the like dur- 
ing the reaction sintering process, the sintered ceramic 
article thus produced has high mechanical strength and is 
dimensionally stable. 
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A manufacturing method according to a ninth embodi 
ment will be described below in relation to the eighth 
embodiment . 

Si powder is employed as a reaction sintering 
metal, the Si powder having particle sizes and a particle 
size distribution as shown in FIG. 17 and the following 
Table 1: 



Table 1 



Diameter (um) 


Content (wt%) 


800 - 100 


18 


44 


32 


20 


20 


10 


20 


5 


1 5 


2 


5 



FIG. 17 shows a shaded area surrounded by curves 
a, and a, in which a shaped article having a high packing 
density (close-packed structure) can be obtained. 

The particle size and the particle size distribu- 
tion are adjusted according to the close-packed formula of 
Andreasen or based on the Fuller curve. It is also impor- 
tant that the powder be have good flowability. 

95 wt% of Si powder, 5 wt% of carbon black having 
an average diameter of 50 A, and alcohol are well mixed to 
produce a mixture in which the carbon black is uniformly 
dispersed in the Si powder. 

After a forming organic binder has been added to 
the mixture, it is formed into a plurality of flat shaped 
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articles each having a vertical dimension of 80 mm, a hori- 
zontal dimension of 80 mm, and a thickness of 10 mm, using a 
slip casting process and a uniaxial pressure casting 
process. In the uniaxial pressure casting process, forming 
pressures are set to 100 MPa and 200 MPa, respectively, and 
a plurality of shaped articles are formed under the preset 
forming pressures. 

After the shaped articles have been dried, they are 
placed in a furnace and degreased to remove an organic 
material. While the shaped articles are degreased, a nitro- 
gen gas is passed at a rate of 30 mi/min., the vacuum pres- 
sure in the furnace ranges from 0.4 to 0.55 Torr, and the 
temperature increases at a rate of lO'C/min. The shaped 
articles are held in the furnace for 60 minutes at 650 *C. 

After the shaped articles have been degreased, they 
are divided into three groups. The shaped articles in the 
three groups are then provisionally fired in the same fur- 
nace to produce provisionally fired articles under the same 
conditions as those of the above degreasing step except that 
the temperature rises at a rate of 15'C/min., and the shaped 
articles of the first group are held for 30 minutes at 
1200*C, those of the second group for 60 minutes at 1200°C, 
and those of the third group for 120 minutes at 1200 'C. 

The bending resistance of the provisionally fired 
articles is practically 20 kgf/cm a for the first group, and 
90 kg/cm* for the second and third groups, thus indicating 
that sintering has progressed to a certain extent. 
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Provisionally fired articles were also produced 
at 1000 'C under the same other conditions as described 
above. The bending resistance of the provisionally fired 
articles thus obtained was 7 kgf/cm* for the first group, 20 
kgf/cm* for the second group, and 30 kgf/cm* for the third 
group . 

The provisionally fired articles which are fired at 
1200«C and those which are fired at 1000'C are then immersed 
in a saturated solution of Ni(NO,) a and NiC4 a , and kept 
therein for 10 minutes while ultrasonic ,J with the fre- 
quency of 16 MHz is being applied, to allow the articles to 
be impregnated with the solution. The provisionally fired 
articles thus treated substantially exhibit gray dark green. 

The provisionally fired articles are then taken out 
of the solution. They are kept at 110'C for four hours in a 
first drying step, then at 210«C for three hours in a second 
drying step, and at 350°C for four hours in a third drying 
step . 

Thereafter, the provisionally fired articles are 
subjected to reaction sintering in a nitrogen-gas atmosphere 
to produce sintered ceramic articles. The reaction 
sintering is effected according to a sintering pattern indi- 
cated by the solid-line curve X in PIG. 18. More 
specifically, the temperature is increased at a rate of 
700°C/30min., kept at 700°C for 15 minutes, increased at a 
rate of 650«C/45min. , kept at 1350'C for 60 minutes, and 
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increased at a rate of 150-C/30 min. Then, the temperature 
is kept at 1500*C for 30 minutes, increased at a rate of 
200'C/40min., thereafter kept at 1700*C for 60 minutes, 
reduced at a rate of 300*C/20min. and kept 1400-C for 60 
minutes. Then, the articles are cooled in the furnace so as 
to be annealed at 800 *C. 

The linear shrinkage of each of the sintered 
ceramic articles due to the sintering process was 0.2 %, and 
the relative density thereof was about 92 %. Test pieces 
having a vertical dimension of 8 mm, a horizontal dimension 
of 8 mm, and a length of 60 mm were cut out of the sintered 
ceramic articles, and tested for mechanical strength. The 
average bending resistance was 82 kgf/cm a , the average 
Weibull modulus was 21, and the average fracture toughness 
(simple average) was 9.6 MPam^. 

The measured data indicate that the temperature at 
which and the time for which the shaped articles are provi- 
sionally fired have almost no effect on the mechanical 
strength of the sintered ceramic articles. 

The reason why the sintered ceramic article has 
excellent mechanical strength is as follows: Powder used 
has a wide range of grain and a side grain distribution in 
order to maintain high packing density. However, due to 
erosion by the saturated solution, carbonization of Ni, 
cumulative expansion caused by nitriding, and other various 
factors, the powder particles are fractured and rearranged, 
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or due to evaporation and condensation of products, the pow- 
der particles are decomposed and rearranged. This causes 
the primary particles after sintering to have a diameter 
ranging from 3 to 5 p, so that these particles are uni- 
formized entirely in the sintered ceramic article. 

PIG. 17 is a photographic representation showing 
the structure of a sintered ceramic article, as viewed 
through a scanning electron microscope (magnification: 
5000). The photograph indicates that the pores are filled 
with black nickel. 

According to the ninth embodiment, as described 
above, the grain and grain distribution of the metal powder 
are adjusted to obtain a high packing density. Therefore, 
it is possible to make a sintered ceramic article highly 
packed, and hence to increase the mechanical strength and 
dimensional stability of the sintered ceramic article. 

A manufacturing method according to a tenth embodi- 
ment similar to the ninth embodiment will be described 
below . 

Alcohol is added to Si powder which is the same as 
that used in the ninth embodiment, and they are well mixed. 
•A forming binder is also added to the mixture. The mixture 
is then formed by a slip casting process into a plurality of 
flat shaped articles each having a vertical dimension of 80 
mm, a horizontal dimension of 80 mm, and a thickness of 10 
mm. 
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After the shaped articles have been dried, they are 
degreased in a furnace under the same conditions as those in 
the ninth embodiment, and then provisionally fired in the 
same furnace in the same atmosphere as that of the degreas- 
ing step. In the provisional firing step, the temperature 
is increased at a rate of 15'C/min. and kept at 1200'C for 
90 minutes. 

The bending resistance of each of the provisionally 
fired articles was 80 kgf /cm* . The provisionally fired 
articles are impregnated, dried, and then subjected to reac- 
tion sintering under the same conditions as those in the 
ninth embodiment, thereby producing sintered ceramic 
articles . 

The linear shrinkage of each of the sintered 
ceramic articles due to the sintering process was 0.6 %, and 
the relative density thereof was about 95 %. Test pieces 
having a vertical dimension of 8 mm, a horizontal dimension 
of 8 mm, and a length of 60 mm were cut out of the sintered 
ceramic articles, and tested for mechanical strength. The 
average bending resistance was 80 kgf /cm*, the average 
weibull modulus was 20, and the average fracture toughness 
(simple average) was 8.4 MPam*. Therefore, it can readily 
be understood that the tenth embodiment is as advantageous 
as the ninth embodiment. 

A method of manufacturing a sintered ceramic arti- 
cle according to an eleventh embodiment of the present 



invention will be described below. In the eleventh 
embodiment, reaction sintering metal powder is employed as 
with the eighth through tenth embodiments described above. 
The reaction sintering metal powder is mixed with ceramic 
powder described in the first embodiment, i.e., oxide powder 
of SiO a , Aft.O,, ZrO a , or the like nitride powder of Si,N 4 , 
TiN, ZrN, BN, or the like, or carbide powder of SiC, TiC, 
MoC, or the like, singly or in combination. 

The reaction sintering metal powder and ceramic 
powder are mixed with each other, and the mixed powder is 
further mixed with sintering assistant powder, carbon black, 
a binder, or the like, if necessary. The mixture is then 
formed into a desired shape. The shaped article is dried, 
degreased with heat, and then provisionally fired to produce 
a provisionally fired article. The provisionally fired 
article is impregnated with a metal salt and/or a metal 
complex, and thereafter fully fired to produce a sintered 
ceramic article. These processing steps are effected under 
the same conditions as those employed in the eighth 
embodiment . 

During the fully firing step, the ceramic powder 
particles are coupled to each other, ceramic particles pro- 
duced in reaction with the metal powder and the metal powder 
particles are coupled to each other, and the metal powder 
particles are coupled to each other through the ceramic. At 
the same time, the pores in the provisionally fired article 
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are filled with metal separated out from the ceramic and the 
metal salt or the like. 

in the eleventh embodiment, the mixture of metal 
powder and ceramic powder is employed to produce a shaped 
article. Therefore, the particles are combined by the 
ceramic powder. As a result, the bending resistance and the 
fracture toughness of the sintered ceramic article are 
increased . 

Twelfth through fourteenth embodiments of the pre- 
sent invention will be described below in relation to the 
eleventh embodiment. 

in the twelfth embodiment, a powder mixture of 
Si,N 4 powder, A8, powder, and Si powder is employed, the pow- 
der mixture being adjusted to have a grain and a grain dis- 
tribution as shown by the curve B in FIG. 20 and in the 
following Table 2: 



Table 2 



Diameter (ym) 


Content (wt%) 


800 - 100 


10 ! 


44 


10 


i 20 


18 


10 


22 


5 _j 


20 


2 


r 7 


1 


8 


0.5 


2 


0.2 


1 


0.1 


2 



PIG. 18 shows a shaded area surrounded by curves 
b,'and b, in which a shaped article having a high packing 
density can be obtained. 
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20 wt% of Si,N 4 powder, 10 wt% of Al powder, and 61 
wt% of Si powder are mixed with each other. Then, 91 wt% of 
such mixed powder, 5 wt% of Y a 0, powder, 4 wt% of carbon 
black, an organic dispersant, an organic additive, and a 
solution of water and alcohol are well mixed with each 
other, thereby producing a mixture with the Y,0, powder and 
the carbon black uniformly dispersed in the mixed powder. 

The mixture is then formed by slip casting and mold 
pressure casting into a plurality of flat shaped articles 
having a vertical dimension of 80 mm, a antal dimension 

of 80 mm, and a thickness of 10 mm. After the shaped 
articles were sufficiently dried, their apparent porosity 
was measured. Those shaped articles which were formed by 
slip casting had the porosity of 18 %, and those by mold 
pressure casing had the porosity of 13 %. 

The shaped articles are placed in a furnace and 
degreased to remove any organic component. The degreasing 
step is carried out by increasing the temperature up to 
485 *C in the atmosphere, then increasing the temperature up 
to 650*C at a rate of 10 e C/min. while a nitrogen gas is 
being passed at a rate of 40 mi/min., and keeping the tem- 
perature at 650'C for 60 minutes. 

After the shaped articles have been degreased, they 
are provisionally fired in the same furnace by increasing 
the temperature at a rate of l5«C/min. and keeping the tem- 
perature at 1200 °C for 120 minutes under the same conditions 
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as those in the degreasing step. Because a volatile compo- 
nent was produced by the degreasing step, the vacuum pres- 
sure in the furnace was in the range of from 0.4 to 0.8 
Torr. 

The provisionally fired articles are then immersed 
in a saturated solution of H[Co(NH, ) ,]Cft, and [Cu(NH, ) , ]Ci, , 
and kept therein for 15 minutes while ultrasonic energy with 
the frequency of 16 MHz is being applied, to allow the arti- 
cles to be impregnated with the solution. The provisionally 
fired articles are then taken out of the. solution. They are 
kept at 110*0 for four hours in a first drying step, then at 
260'C for three hours in a second drying step, at 350'C for 
four hours in a third drying step, and at 450 °C for four 
hours in a fourth drying step, after which they are cooled 
the furnace. 

Thereafter, the provisionally fired articles are 
subjected to reaction sintering in a nitrogen-gas atmosphere 
to produce sintered ceramic articles. The reaction 
sintering is effected according to a sintering pattern indi- 
cated by the solid-line curve Y in FIG. 18. More 
specifically, the temperature is increased at a rate of 
750*C/30min., kept at 750*C for 15 minutes, increased at a 
rate of 600 , C/45min. , kept at 1350*C for 15 minutes, and 
increased at a rate of 350'C/33min. Then, the temperature 
is kept at 1700*0 for 60 minutes, increased at a rate of 
30 # C/30min., thereafter kept at 1730*C for 60 minutes. 
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reduced at a rate of 430'C/45min. and kept 1300 *C for 60 
minutes. Then, the articles are cooled in the furnace so as 
to be annealed at 800 'C. 

The linear shrinkage of each of the sintered 
ceramic articles due to the sintering process was 0.5 %,. and 
the relative density thereof was about 98 %. The sintered 
ceramic articles were apparently dense. After they have 
been sufficiently ground, the surfaces thereof were observed 
with an optical microscope. As a result, it was confirmed 
that the maximum pore had a diameter of 30 ym and pores hav- 
ing an average pore diameter of about 5 ym were distributed. 

Test pieces having a vertical dimension of 8 mm, a 
horizontal dimension of 8 mm, and a length of 60 mm were cut 
out of the sintered ceramic articles, and tested for mechan- 
ical strength. The average bending resistance was 93 
kgf/cm 2 , the average Weibull modulus was 23, and the average 
fracture toughness ranged from 8 to 9 MPam* 3 . The measured 
data indicate that the process of forming the shaped arti- 
cles have almost no effect on the mechanical strength of the 
sintered ceramic articles. 

A thirteenth embodiment will be described 
hereinbelow. In the thirteenth embodiment, the same materi- 
als as those in the twelfth embodiment are employed, and 
the shaped articles are impregnated with the solution in the 
same manner as in the twelfth embodiment, and then dried to 
produce provisionally fired articles. 
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Using the same sintering pattern as that in the 
twelfth embodiment, the provisionally fired articles are 
subjected to reaction sintering in a furnace under a pres- 
sure of 300 kgf/cm a and a nitrogen gas partial pressure of 
about 60 kgf/cm a . 

The linear shrinkage of each of the sintered 
ceramic articles due to the sintering process was 0.8 %, and 
the relative density thereof was about 99 %. After they 
have been sufficiently ground, the surfaces thereof were 
observed with an optical microscope. As a result, it was 
confirmed that the maximum pore had a diameter of 5 ym. 
Because of the reaction sintering process under the pressure 
described above, the microscopic structure of the sintered 
ceramic articles was filamentary or columnar, having a diam- 
eter ranging from about 0.7 to 1.0 ym and a length of 3 ym. 

Test pieces having a vertical dimension of 8 mm, a 
horizontal dimension of 8 mm, and a length of 60 mm were cut 
out of the sintered ceramic articles, and tested for mechan- 
ical strength. The average bending resistance was 95 
kgf/cm* , the average weibull modulus was 27, and the average 
fracture toughness was 10.8 MPam* (the minimum value was 
10.4 MPam* 3 and the maximum value was 11.8 MPam* 2 . 

A fourteenth embodiment of the present invention 
will be described below. 

In the fourteenth embodiment, two powder mixtures 
composed of Si,N 4 , Aft powder, and Si powder are employed, 
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and adjusted to have a grain and a grain distribution simi- 
lar to those of the powder mixture in the twelfth 
embodiment . 

One of the powder mixtures includes medium-size 
particles having a diameter of 20 ym and made of Aft powder 
and Si powder. The other powder mixture includes medium- 
size particles and large-size particles having a diameter of 
44 ym, the medium-size particles and part of the large-size 
particles being made of AJt, powder and Si powder. 

34 wt% of Si s N 4 powder, 15 wt% of Al powder, and 40 
wt% of Si powder are mixed with each other. Then, 89 wt% of 
such powder mixtures, 6 wt% of Y a 0, powder, 5 wt% of Afc a 0,, 
and alcohol are well mixed with each other, thereby produc- 
ing two mixtures with the Y,0, powder and the AJ.,0, uni- 
formly dispersed. 

Each of the mixtures is then formed by slip casting 
into a plurality of flat shaped articles having a vertical 
dimension of 80 mm, a horizontal dimension of 80 mm, and a 
thickness of 10 mm. After the shaped articles were suffi- 
ciently dried, they are placed in a furnace and degreased to 
remove any organic component under the same conditions as in 
the twelfth embodiment . 

After the shaped articles have been degreased, they 
are provisionally fired in the same furnace under the same 
conditions as in the twelfth embodiment to produce provi- 
sionally fired articles. The linear shrinkage of the 
provisionally fired articles was 0.1 %. 
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The provisionally fired articles are then immersed 
in a saturated solution of Ni(NO,) a and NiCi,, and kept 
therein for 10 minutes while ultrasonic energy with the fre- 
quency of 8 MHz is being applied, to allow the articles to 
be impregnated with the solution. 

The provisionally fired articles are then taken out 
of the solution, and then dried in the same manner as in the 

twelfth embodiment. 

Thereafter, the provisionally fired articles are 
subjected to reaction sintering according to the same sinte- 
ring pattern as in the twelfth embodiment, thus providing 
two sintered ceramic articles. The linear shrinkage of each 
of the sintered ceramic articles due to the sintering proc- 
ess was 0.15 %, and the relative density thereof was about 
98 %. 

Test pieces having a vertical dimension of 8 mm, a 
horizontal dimension of 8 mm, and a length of 60 mm were cut 
out of the sintered ceramic articles, and tested for mechan- 
ical strength. The average bending resistance was 112 
kgf/cm* (1.1 Gpa), the average Weibull modulus was 24, and 
the average fracture toughness was 9.2. 

It can now be seen that the two sintered ceramic 
articles made from different powder mixtures exhibit the 
same properties. 

With the present invention, as described above, a 
metal compound or a metal is separated out and diffused in 
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the surface layers of particles of a sintered ceramic 
article. Therefore, the wettability of the sintered ceramic 
article with respect to metal is increased, and the sintered 
ceramic article will not be cracked even if it is subjected 
to repeated heat changes. The sintered ceramic article 
therefore can find a wider range of applications. 

According to the present invention, a shaped arti- 
cle is produced using ceramic powder, and after it is provi- 
sionally fired, a metal salt and/or a metal complex is 
impregnated in the provisionally fired at , which is 
then fully fired to produce a sintered ceramic article. 

Furthermore, the provisionally fired article is 
fully fired in an inert-gas or reducing atmosphere to pro- 
vide the sintered ceramic article. 

Since the provisionally fired article is first 
produced, the metal salt and the metal complex can suffi- 
ciently be impregnated in many pores in the provisionally 
fired article. By reducing the metal salt and the metal 
complex while the provisionally fired article is being fully 
fired, metal can uniformly and reliably be separated out in 
the sintered ceramic article. As a result, the sintered 
ceramic article thus produced does not has a wide range of 
variations in mechanical strength, is of excellent quality, 
and has increased toughness. 

Moreover, composite power of ceramic and a metal is 
prepared, and is mixed with ceramic powder. The mixture is 
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then formed into a shaped article that is provisionally 
fired. After the provisionally fired article is impregnated 
with a metal salt and/or a metal complex, it is fully fired 
to produce a sintered ceramic article. Inasmuch as the com- 
posite powder of ceramic and a metal is employed, the sin- 
tered ceramic article has increased wettability with metal 
and excellent quality. 

Before the shaped article is produced using the 
ceramic powder, or when the composite powder and the ceramic 
powder are mixed, ammonia water or the like is added, if 
necessary, for pH adjustment. Accordingly, the size of 
pores in the sintered ceramic article can be selected, and 
the distribution of metal separated out in the pores can be 
adjusted to select the toughness and other properties of the 
sintered ceramic article. 

in addition, after an acid or alkaline solution is 
mixed in the ceramic powder to effect pH adjustment, it is 
deaerated, and then formed into a shaped article by mold 
casting, injection molding, or pressure casting. 
Consequently, continuous pores or uniformly distributed 
pores can selectively be created in the shaped article. 

According to the present invention, furthermore, 
reaction sintering metal powder is employed, and a reaction 
sintering process and resulting separation of a metal from a 
metal salt and the like are used to make a sintered ceramic 
article which is high in mechanical strength and good in 
dimensional stability. 
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By employing reaction sintering metal powder having 
a prescribed grain and a prescribed grain distribution, the 
produced sintered ceramic article is of a close-packed 
structure which provides high mechanical strength and dimen- 
sional stability. 

Moreover, a shaped article is formed by using a 
powder mixture of reaction sintering metal powder and 
ceramic powder. Since the particles are combined or coupled 
to each other by the ceramic powder, a sintered ceramic 
article which is excellent in mechanical strength can be 
manufactured . 

The preferred embodiments of the present invention can 
provide a sintered ceramic article and a method of manuf- 
acturing such a sintered ceramic article by forming a shaped 
article of ceramic power, metal powder, or a mixture 
thereof, provisionally firing the shaped article while the 
shaped article is being impregnated with a metal salt or 
metal complex, and then fully firing the shaped article, so 
that the metal salt or metal complex can sufficiently be 
impregnated in pores produced in the provisionally sintered 
shaped article, thereby making the fully sintered article is 
of a high quality, having a high degree of toughness and 
mechanical strength. 

Although certain preferred embodiments have been 
shown and described, it should be understood that many 
changes and modifications may be made therein without 
departing from the scope of the appended claims. 



CLAIMS. 

1. A sintered ceramic article for being joined to 
metal or forming a composite member with metal, comprising a 
metal compound or a metal separated and diffused in surface 
layers of particles of the sintered ceramic article. 

2. A method of manufacturing a sintered ceramic 
article, comprising the steps of: 

forming a shaped article of ceramic powder; 

provisionally firing said shaped article; 

thereafter impregnating the provisionally fired 
article with a metal salt and/or a metal complex; and 

fully firing the provisionally fired article to 
produce a sintered ceramic article. 

3. A method of manufacturing a sintered ceramic 
article, comprising the steps of: 

mixing an acid or alkaline solution in ceramic pow- 
der to adjust the pH of the ceramic powder; 

forming the ceramic powder into a shaped article; 

provisionally firing said shaped article; 

thereafter impregnating the provisionally fired 
article with a metal salt and/or a metal complex; and 

fully firing the provisionally fired article to 
produce a sintered ceramic article. 

4. A method according to claim 3, further including 
the steps of: 

adjusting the pH of a slurry containing the ceramic 

powder; and 



thereafter deaerating said slurry. 

5. A method according to claim 3 or 4, further 
including the step of: 

casting a slurry containing the ceramic powder in a 
gypsum mold to produce said shaped article* 

6. A method according to claim 3 or 4, further 
including the step of: 

forming a slurry containing the ceramic powder into 
said shaped article by injection molding or pressure 
casting. 

7. A method of manufacturing a sintered ceramic 
article, comprising the steps of: 

forming a shaped article of ceramic powder; 

provisionally firing said shaped article; 

thereafter impregnating the provisionally fired 
article with a metal salt and/or a metal complex; and 

fully firing the provisionally fired article in an 
inert or reducing atmosphere to produce a sintered ceramic 
article. 

8- A method according to claim 7 , wherein said pro- 
visionally fired article is fully fired in a nitrogen-gas 
atmosphere* 

9. A method according to claim 7 , further including 
the step of: 

mixing an acid or alkaline solution in ceramic pow- 
der to adjust the pH of the ceramic powder. 
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10. A method of manufacturing a sintered ceramic 
article, comprising the steps of: 

mixing composite powder of ceramic and a metal with 
ceramic powder to produce mixed powder; 

forming the mixed powder into a shaped article; 

provisionally firing said shaped article; 

thereafter impregnating the provisionally fired 
article with a metal salt and/or a metal complex; and 

fully firing the provisionally fired article to 
produce a sintered ceramic article. 

11. A method according to claim 10, further includ- 
ing the step of: 

mixing an acid or alkaline solution in said mixed 
powder to adjust the pH of the mixed powder. 

12. A method of manufacturing a sintered ceramic 
article, comprising the steps of: 

mixing composite powder of ceramic and a metal with 
ceramic powder to produce mixed powder; 

forming the mixed powder into a shaped article; 

provisionally firing said shaped article; 

thereafter impregnating the provisionally fired 
article with a metal salt and/or a metal complex; and 

fully firing the provisionally fired article in an 
inert or reducing atmosphere to produce a sintered ceramic 
article. 

13. A method according to claim 12, wherein said 
provisionally fired article is fully fired in a nitrogen-gas 
atmosphere . 
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14. A method according to claim 12 , further includ- 
ing the step of: 

mixing an acid or alkaline solution in said mixed 
powder to adjust the pH of the mixed powder. 

15. A method of manufacturing a sintered ceramic 
article, comprising the steps of: 

forming a shaped article of reaction sintering 

metal powder; 

provisionally firing said shaped article; 

thereafter impregnating the provis' -™»lly fired 
article with a metal salt and/or a metal complex; and 

subjecting the provisionally fired article to 
reaction firing to produce a sintered ceramic article. 

16. A method of manufacturing a sintered ceramic 
article, comprising the steps of: 

forming a shaped article of reaction sintering 
metal powder with a grain and a grain distribution adjusted 
for a close-packed structure; 

provisionally firing said shaped article; 

thereafter impregnating the provisionally fired 
article with a metal salt and/or a metal complex; and 

subjecting the provisionally fired article to 
reaction firing to produce a sintered ceramic article. 

17. A method of manufacturing a sintered ceramic 
article, comprising the steps of: 

forming a shaped article of ceramic powder and 
reaction sintering metal powder; 



provisionally firing said shaped article; 

thereafter impregnating the provisionally fired 
article with a metal salt and/or a metal complex; and 

subjecting the provisionally fired article to 
reaction firing to produce a sintered ceramic article. 

18. A method of manufacturing a sintered ceramic 
article, comprising the steps of: 

forming a shaped article of a powder mixture com- 
posed of ceramic powder and reaction sintering metal powder , 
with a gain and a grain distribution adjusted for a close- 
packed structure; 

provisionally firing said shaped article; 

thereafter impregnating the provisionally fired 
article with a metal salt and/or a metal complex; and 

subjecting the provisionally fired article to 
reaction firing to produce a sintered ceramic article* 

19. A sintered ceramic article substantially as hereinbefore 
described with reference to Figure 1(a), Figure Kb) or Figure 1(c) 

of the accompany drawings. 

20. A method of manufacturing a sintered ceramic article 
according to any one of claims 2 to 18 substantially as hereinbefore 
described. 

21. A method of manufacturing a sintered ceramic article 
substantially as hereinbefore described with reference to Figures 2 to 4, 
Figures 5 to 7, Figures 8 and 9, Figure 10, Figure 11, Figures 12 to 14, 
Figures 15 and 16, Figure 17, Figure 18, Figure 19 and Figure 20. 

22. A sintered ceramic article whenever produced by the method 
of any one of claims 2 to 18, 20 or 21. 
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